Bowlin MS, McLeer DF, Danielson-Francois AM. Spiders in motion: demonstrating adaptation, structure-function relationships, and trade-offs in invertebrates. Evolutionary history and structural considerations constrain all aspects of animal physiology. Constraints on invertebrate locomotion are especially straightforward for students to observe and understand. In this exercise, students use spiders to investigate the concepts of adaptation, structure-function relationships, and trade-offs. Students measure burst and endurance performance in several taxonomic families of spiders whose ecological niches have led to different locomotory adaptations. Based on observations of spiders in their natural habitat and prior background information, students make predictions about spider performance. Students then construct their own knowledge by performing a handson, inquiry-based scientific experiment where the results are not necessarily known. Depending on the specific families chosen, students can observe that web-dwelling spiders have more difficulty navigating complex terrestrial terrain than ground-dwelling spiders and that there is a trade-off between burst performance and endurance performance in spiders. Our inexpensive runway design allows for countless variations on this basic experiment; for example, we have successfully used runways to show students how the performance of heterothermic ectotherms varies with temperature. High levels of intra-and interindividual variation in performance underscore the importance of using multiple trials and statistical tests. Finally, this laboratory activity can be completely student driven or standardized, depending on the instructor's preference. structure-function relationship; trade-off; invertebrate; spider; inquiry LOCOMOTOR PERFORMANCE depends on the ecological niche and specific adaptations of a species. Burst locomotion relies on different muscle fibers than endurance locomotion, and fiber number is usually limited. As a result, animals can be specialists, adapted for either high burst or high endurance performance, or generalists, with moderate burst and endurance performance. This basic ability can then be further modified by other structural adaptations, such as energy-storing tendons. In this activity, students measure and compare the burst and endurance performance of spiders using inexpensive runways. Depending on the taxonomic families used, students can observe how adaptations to catching prey in a web affect terrestrial locomotion or how the ability to sprint negatively correlates with the ability to run long distances.
Background
One of the best predictors of student engagement in comparative physiology laboratories is interaction with live ani-mals (8, 15, 26, 27) . According to a comparative review (16) , among three modes of contact, affective or direct experience with nature plays the strongest role in cognitive and evaluative development. Dead specimens are not as effective as live specimens in teaching biological concepts or in improving attitudes toward science learning (27) , but, in our experience, most biology courses rely on prepared slides, dead specimens, and computer programs. This is partly due to restrictions on the uses of vertebrates in classrooms and the cost of obtaining and maintaining vertebrates in captivity, which make laboratories involving vertebrates difficult at many universities.
Studying invertebrates represents a way for students to experience living animals in biology laboratories without needing to submit full Institutional Animal Care and Use Committee (IACUC) proposals; our university requires a one-page exemption form stating that a particular laboratory uses invertebrates and therefore does not require IACUC oversight. This laboratory focuses on comparative locomotion and adaptation in invertebrates, but it is easy to modify the activity to study thermoregulation, the costs of digestion and absorption, or the relative locomotor ability on different terrains (see Possible Extensions and Modifications for a full treatment of these variations). The laboratory is, in fact, based on a study (21) that demonstrated that at least one family of spiders had lower burst performance 2 days after being fed than those that had not been fed.
Michael et al. (19) identified nine core concepts that students should understand by the time they complete a comparative animal physiology course. This laboratory addresses four: 1) that animal physiology, including biomechanics, has evolved; 2) that this evolution has taken place in the context of particular environments; 3) that animal physiology can be explained by physical principles, and 4) that structure both constrains and enables function. Another important concept in animal physiology is that of trade-offs: animals are not perfectly adapted to the environment because they are evolutionarily constrained, in part because structure constrains function but also because energy is limited and must be allocated to competing physiological interests (23) . In this laboratory, students observe the different locomotion strategies that have evolved in spiders; depending on the families used, the laboratory can also highlight the fact that animals tend to have either high endurance or high burst performance but not both. Burst performance relies on so-called "fast-twitch" muscle fibers, which use primarily anaerobic metabolism, whereas endurance performance relies on "slow-twitch" fibers, which depend on aerobic metabolism (11) . Muscle diameter is usually constrained by structural considerations, so animals have a limited number of muscle fibers they can allocate to these two strategies. Spiders have both fast-and slow-twitch muscles, although most spiders have more fast-twitch fibers than slow-twitch fibers in their legs (10) . With the exception of innervation, muscle tissue varies little across the animal kingdom (11) . Thus, by performing this laboratory exercise, students are able to observe behavior and physiology in invertebrates that is directly applicable to what the students themselves experience.
Spiders have evolved to occupy diverse niches. Some families of spiders, such as orb weavers (Araneidae, Tetragnathidae, and Uloboridae), cellar spiders (Pholcidae), and cobweb weavers (Theridiidae), are rarely out of contact with their webs. These web-dwelling spiders have specialized claws at the end of their legs that allow them to grasp silk strands and hang from a web (7) . Because web-dwelling spiders have adapted to hanging from their webs, rather than walking long distances over the ground, their legs tend to be thinner and longer than similarly sized ground-dwelling spiders, whose legs are generally shorter and more robust. Some web-dwelling spiders have high burst performance, however, because they must quickly subdue prey that has been caught in their web. Ground-dwelling spider families include wolf spiders (Lycosidae), fishing spiders (Pisauridae), and tarantulas (Theraphosidae); these forage by wandering along surfaces such as vegetation, the ground, or walls to encounter prey. These spiders tend to have robust walking legs since they need to support their body weight, and most have high endurance performance to encounter and catch prey (10) . A third ecomorph, represented by funnel weavers (Agelenidae), have a web and forage on it but do not grasp each silk strand with specialized claws. Instead, they run across a sheet of silk by flattening their tarsi across multiple web strands (10) . As a result, they can run equally fast on the ground and on their web. Funnel weavers have high burst performance but tire quickly.
Other variables influence burst and endurance performance in spiders. For example, spiders are an important component of the diet of other organisms; as a result, many spiders have adaptations that facilitate escape. Wolf spiders, for example, often "freeze" after running a short distance, presumably to rely on their natural camouflage to remain cryptic (20) . Funnel weavers run at significantly different speeds when attacking prey, defending their territories, and fleeing predators (22) . As a result, it is not always easy to predict what the results of this experiment will be, which leaves room for ample discussion with students.
Spiders generally cannot be identified to species without a microscopic analysis of their genitalia; even biological supply companies normally supply spiders that belong to particular taxonomic families rather than specific species. However, it is easy for students and instructors to learn to identify spiders by family, and this lack of specificity does not affect the experiment. The majority of species in each family are similar in bauplan and ecological niche, although body size may vary.
There are relatively few measurements of spiders' burst performance in the arachnid literature (for a review, see Ref. 28) and no measurements of endurance performance that we are aware of. Additionally, most burst performance data have been measured across very short distances. For example, wolf spiders have been measured capturing prey at speeds of 25-40 cm/s, but only over 2-7 cm (5, 7), and funnel weavers have been measured running ϳ25 cm/s, but only for 10 -16 cm (21, 22) . Most measurements in the literature are for horizontal walking speeds. Generally, funnel weavers, wolf spiders, and fishing spiders are the fastest spiders; tarantulas are intermediate or slow, depending on their motivation, and cellar spiders, cobweb weavers, and orb weavers are the slowest spiders (28) .
To control for interobserver reliability, we ask each small group of students to measure the performance of one individual for each family of spiders used in the experiment. Maximum performance is difficult to measure because animals may be variously motivated (1, 3) , so we require students to acquire at least two burst performance measurements from each individual. We also suggest that students blow gently on their animals or chase their animals continuously with a paintbrush to elicit a constant predator-fleeing response. Finally, it is important for instructors to make sure that animals have all been fed before, but not immediately before, the experiment. All of these strategies can reduce variation in spider motivation and observer bias; however, both instructors and students must realize that there may be many factors beyond their control (such as previous experience with predators) influencing the spiders' performance.
Learning Objectives
After completing this experiment, students should be able to: 1. Identify common spiders to family. 2. Explain how the environment an animal has evolved in (i.e., its ecological niche) and an animal's evolutionary history constrains function.
Explain what a physiological trade-off is and relate this
concept to real-world examples. 4. Use the scientific method to observe animals in the wild, make predictions, explain those predictions with hypotheses, and then test the predictions with an experiment. 5. Effectively gather and statistically analyze data in situations with high inter-and intraindividual variation in measurements. 6. Provide both ultimate (fitness-based) and proximate (mechanistic/physiological) explanations for the conclusions drawn from the results of this experiment.
Activity Level
This activity was designed for upper-level college biology students, but it could be modified to use in introductory biology or advanced placement biology in high school. We have successfully used it in our university's comparative animal physiology, spider biology, and animal behavior courses, and a colleague has used it in her university's ecophysiology course.
Prerequisite Student Knowledge or Skills
Ideally, for this laboratory experiment, students should have a basic understanding of:
1. The difference between fast-twitch and slow-twitch muscle fibers and how they affect burst and endurance performance in animals.
The ecological and physiological factors that influence
spider locomotion on and off of webs. 3. Ultimate and proximate explanations for behavior and physiology. 4. Evolutionary and physiological trade-offs as they apply to locomotor behavior. 5. The processes of evolution.
Students should have the following skill sets: 1. Measure spider speed and distance moved using stopwatches and meter sticks. 2. Calculate speed from distance and time measurements. 3. Display data in graphical form. 4. Perform and interpret basic statistical analyses.
Time Required
Teaching students to identify and observe spiders in the wild while helping them to collect spiders takes 1-4 h, depending on how many spiders must be collected. Setting up the runways and helping students to become familiar with measuring spider movement takes 30 min to 1 h. Measuring the burst performance of all of the spiders (one or more individuals from each of 3 families/student group) takes 1-2 h; measuring their endurance performance can take up to the maximum time allotted (40ϩ min/individual for tarantulas and 20ϩ min/ individual for other spiders). It is possible to take these measurements on separate days if necessary. If the experiment is run as an entirely inquiry-based laboratory, add ϳ1 h for an online literature search on spider locomotion.
MATERIALS AND METHODS

Overview
We suggest that students work in groups of 2-3 students/group for this experiment. If you do not have enough spiders to give a complete set (at least one individual from each of the three spider families) to each group, you can assign one or two spiders to each student group. Students will need to be guided through recognizing and discussing experimenter bias if different groups measure different families. Students then measure the burst performance of spiders on runways; each individual spider is measured twice, and the highest speed is chosen as the individual's maximum performance. Students then measure the endurance performance of each of the spiders. To encourage engagement and friendly competitiveness, we usually bring some small prizes for the group with the fastest spider and the spider with the highest endurance.
Equipment and Supplies
Observing and collecting spiders. For observing and collecting spiders, each student group needs the following equipment and supplies:
• During the day, one to two small plastic spray bottles and at least three clear plastic vials for collecting spiders (hereafter termed "collecting vials"). These vials can be any recycled plastic container with a closeable lid or new plastic vials ordered from online companies, such as BioQuip. Vials need to have several small holes punched into the lid with a pin to allow oxygen into the container. • At night, two to three headlights/flashlights and at least three collecting vials.
Conducting the experiment. For conducting the experiment, each group needs the following equipment and supplies:
• At least one spider belonging to each spider family to be tested, held in a collecting vial • One to two stopwatches • One meter stick • One drinking straw • Two binder clips • One to two soft-bristled paintbrushes • One runway (see below for description; if the laboratory needs to be expedited, each group can be given two runways and four binder clips) • Substrate for runways [1,500-cm 2 sandpaper (usually not reusable) or 0.03-m 3 pea gravel (reusable) per runway] • Masking tape • Data sheets or a laboratory notebook to record data
Runways
Each group of students requires one runway: 1.5-m-long sections of plastic gutter ϳ6 cm deep and 7-10 cm wide ( Fig. 1 ). We purchased gutter sections that were ϳ3 m long from a hardware store and cut them in half. We encouraged students to use a substrate (sandpaper or pea gravel) in the bottom of the runway to give the spiders some traction for movement. Students can cut sandpaper to fit the gutter and use masking tape to hold it in place. Many spiders can squeeze into small crevices, so students need to tape sandpaper down thoroughly. Alternatively, students can begin with a different substrate, such as gravel, which is spread evenly throughout the runway. You should tell your students to put only a single layer of gravel in the runways, as that will reduce the likelihood of spiders climbing up the gravel to the tulle-covered top of the runway. Instructors should also be aware that many spiders deposit silk as they move; this silk may be largely invisible but may affect spider behavior and traction.
Once the substrate is in place, students can wrap the runways in a rectangular section of tulle (ϳ2 ϫ 0.5 m). The tulle sticking out on either end can then be closed with binder clips or clothespins to prevent spiders from escaping. This allows students to watch the spiders while preventing the spiders from crawling out of the runways. We glued one long side of the tulle to the runway with a hot glue gun and allowed students to tape the other closed. It is not feasible to glue both sides because students need access to the middle of the track Fig. 1 . The runways used in the experiment. We used short sections of plastic gutter with gravel or sandpaper lining the bottom to provide traction for the spiders. We covered them in tulle, which allows students to observe and motivate the spiders while preventing spider escape. The tulle can be secured with binder clips at each end. during the experiment, both to situate the substrate and to recover spiders. Students who are nervous about spiders may also feel more secure if they can close the runways themselves.
Web-dwelling spiders that live on ceilings, particularly cellar spiders and cobweb weavers, frequently try to escape the runways by climbing on the tulle. Students can use their paintbrushes to gently discourage a spider from climbing on the tulle; taking the tulle off the top and leaving the runway open will also fix the problem, if the students are comfortable enough to do so. It also helps if instructors make certain that the students use a very thin layer of substrate and tape the tulle tightly so that it does not sag in the middle.
Animals
We have used both wild-caught and captive-bred spiders for this experiment. Cellar spiders, wolf spiders, and tarantulas are all available for sale online through biological supply companies and pet stores. Keep in mind, however, that tarantulas require a substantial commitment as some females live for 40 yr or more! We found that wild-caught spiders worked much better than captive-bred individuals; the first year that we used captive animals, the wolf spiders we purchased would not run during the endurance trials. We suggest that any animals purchased or captured for this experiment be housed in captivity and fed for several days before the tests so that the animals are in adequate condition. Web-building spiders can be fed small fruit flies (Drosophila melanogaster) or house flies (Musca domestica) and larger ground-dwelling spiders can be maintained on crickets (Acheta domestica). All of these prey items are available as cultures commercially or can be grown in the laboratory from wild-caught stock. We used this strategy the second year that we purchased spiders and it worked quite well. Regardless of how you choose to acquire spiders, be sure to house them individually to avoid cannibalism.
Spiders can also be captured from the wild to use in this laboratory and returned to their habitat after use in the experiment; we recommend that students be allowed to participate in this process if possible, as it will encourage engagement and independent learning. Students who help capture wild spiders will have the opportunity to observe the spiders' ecology and behavior in a natural setting, allowing them to compare and contrast strategies for locomotion, capturing food, and building webs. Wild spiders can be captured from vegetation and structures found on most campuses. Cobweb weavers, which build tangle webs, are often located outdoors near light fixtures, under building eaves, and near trash containers. A careful examination of most bathrooms will also yield one to two spiders, typically near the plumbing or floor drains. Most greenhouses and basements have a few cellar spiders hanging up high in the corners. Funnel weavers can be caught by finding their distinctive funnel-shaped webs in low-lying grassy areas, hedges, and on the sides of buildings. Wolf spiders and fishing spiders can be captured in fields and natural areas by hunting at night with a flashlight, because they have a characteristic "eyeshine." Fishing spiders are often found near rocky areas by streams and lakes.
A word of caution on spider collecting: a few species of spiders in the United States have venomous bites that are potentially harmful to humans (i.e., black widows and brown recluses). Be certain that you educate your students on how to identify these species if they are found in your area and tell your students to avoid collecting them, unless you decide to conduct your laboratory on these spiders. For more advice on how to identify and capture spiders, please see the extremely useful illustrated Golden Guide to Arachnids by Levi and Levi (17) and the comprehensive taxonomic guides to the spiders of North America by Ubik et al. (29) and Bradley (4) .
Animal Subjects Exemption
This activity is considered exempt by the Committee on Use and Care of Animals of the University of Michigan-Dearborn because it uses invertebrates that are not considered sufficiently advanced to require oversight.
Instructions
Step 1. Prepare runways and tulle ahead of time and collect all necessary materials (except spiders if using wild-caught spiders). Be sure you are ready to house and feed spiders for 2-3 days before the experiment.
Step 2. If desired, allow students to observe spiders in their natural habitat. Take students outside (preferably at night with headlamps/ flashlights, since most spiders are nocturnal) and show them how to locate and identify spiders, focusing on the families you plan to use in the laboratory exercise. You can observe feeding behavior in webbuilding spiders by spraying a small amount of water from a plastic bottle onto the web. This mimics prey vibrations and should elicit a response from the spider. You can then observe antipredator behavior by approaching the spider and blowing on it gently. Encourage students to think about and discuss how both predation and the method of prey capture a particular spider uses could enable or constrain locomotion.
Step 3. If using an inquiry-based format, you can ask students to research the spiders and behaviors they observed during the field trip and learn more about them before the day of the experiment.
Step 4. Obtain, house, and feed spiders. Students may collect spiders from the wild during the field trip or from their homes or yards afterward. Alternatively, you can collect wild spiders yourself or order captive-bred spiders. Regardless of whether they are wild caught or captive bred, spiders should be housed in captivity, provided with water, and fed for several days before the tests to be sure they are in adequate condition. However, they should not be fed Ͻ24 h before the experiment (unless absolutely necessary); spiders that have been fed recently are often slower than those that have not been fed recently, although this effect varies between spider families (21) .
Step 5. Before the students arrive, place the spiders in small individual vials for ease of manipulation. Vials that are small enough to fit inside the track are optimal as students can release the spiders inside the tulle-covered plastic gutter to prevent escape.
Step 6. When they arrive in the laboratory, students should spend a few minutes observing the captive spiders in their vials. Students can then write down both their predictions and their hypotheses for the experiment. For example, students may predict that funnel weavers will be faster than wolf spiders but will have lower endurance. They may hypothesize that, on a proximate level, the number of muscle fibers in the legs is constrained and funnel weavers have more fast-twitch fibers in their legs than wolf spiders. On an ultimate level, they may hypothesize that funnel weavers have no need for endurance because they use a web to catch prey and have a funnel to hide from predators in, whereas wolf spiders travel long distances to encounter prey and must therefore have relatively high endurance.
Step 7. Once students have written out their predictions and hypotheses, have them collect the necessary supplies, put substrate in both runways, and tape the runways closed. They can close the ends of the tulle with binder clips. We do not officially assign specific tasks to students, but most groups have a designated spider "wrangler," a time and distance "referee," and a data recorder. We encourage self-identified arachnophobic students to be data recorders and allow them to stand as far away from the spiders as they want so that they feel more comfortable. Our experience suggests that even the most fearful students quickly become "cheerleaders" for their spiders in the burst performance trials as groups compete to see which has the fastest spider in the laboratory. For severely arachnophobic students, an alternative library assignment about animal locomotion could be provided, although we have never had to use ours.
Step 8. Check the runways to make certain that they are closed, any sandpaper is taped down, and any gravel is spread evenly in a thin layer. Remind students that they should be ready to record data as soon as they release the first spider and that they should have only one spider in a runway at a time. Then, tell the students they can begin their tests. Have them release a spider into a runway and continuously blow on the spiders' abdomens through a straw to encourage them to run at least 50 cm. Students can use meter sticks and stopwatches to measure the exact time and distance each spider ran.
Many spiders will run 10 -20 cm or less and then freeze. When we first developed this laboratory, we asked students to measure these short runs, but they were unable to consistently and accurately measure these times and distances. We now ask the students to blow on the spiders continuously and have them run at least 50 cm. This prevents the spiders from pausing earlier and reduces variation in maximum performance estimates.
Students can be given data sheets on which to record their data or can generate data tables on their own (see Table 1 for a sample data sheet). They must keep track of when they ran each spider so they know how long the spider rested in between trials, the type of spider, and which individual was run; they also need to write down the distance each spider moved and the time it spent moving for the burst performance measurements. Students can name spiders or use family names for individual designations (e.g., cellar spider, tarantula, etc.). Students must perform a simple calculation to convert distance and time into speed for the burst performance measurements, which can be done with the calculators found on most cell phones.
Step 9. After recording the initial burst performance measurement, students should allow their spiders to rest for 20 -30 min and replenish their energy stores. In the meantime, students can use the runway to obtain initial burst performance measurements from their other spiders. After all of the initial runs are complete, it will usually be time for the students to test the first spider again. Students should measure burst performance twice for each spider. Most spiders tire easily (10); ideally, the animals would be allowed Ͼ20 -30 min (45 min or more) of rest in between trials, but we do not have enough time to allow this in our 4-h laboratory period.
Step 10. Students then allow all of the spiders a longer rest period before the endurance tests (if possible, at least 45 min). In the meantime, you can instruct the students to calculate speeds for all of the burst performance trials and select the maximum burst performance measurement from each individual to use in later analyses. You can then pool the class data; altogether, you should have five to eight maximum burst performance measurements for each spider family, depending on how many student groups you have.
Once all of the data have been written on the board, we gather the students together, make sure they have performed their calculations correctly, and reward the group with the speediest spider. We then discuss the activity and encourage students to develop some proximate and ultimate explanations for their results in the "down time" between burst and endurance trials.
Step 11. Next, the students measure endurance by placing a spider on the runway and lightly blowing on it whenever it pauses and/or chasing it slowly with a paintbrush and gently touching it with the paintbrush if it stops. When the spider reaches the end of the runway, the students chase it back in the opposite direction. The animals are timed until they will not run when prodded gently or blown on two to three times in succession. We encourage students to set a maximum time limit for endurance measurements, so that if the endurance of an individual spider is very high, students can still complete the laboratory within the allotted time. We suggest a maximum time limit of 20 min if tarantulas are not used and 40 min if they are. In our experience, few spiders besides tarantulas will run for a full 20 min, but this way students do not get frustrated with the experiment if the first spider they test has high endurance. If you need to complete the lab in Ͻ4 h, you can always give each group two runways and the associated equipment so they can run two spiders at the same time. A sample data sheet for the endurance performance measurements is shown in Table  2 . Once again, you can pool the class data so you have five to eight endurance measurements for each spider family.
Step 12. Each spider should be fed and given a water-soaked cotton ball immediately after the laboratory to avoid dehydration. We do not reuse spiders from one class period to the next. When using wildcaught individuals, we feed the spiders for several days after the experiment and then release them where we caught them.
Step 13. After students have completed the experiment, you can direct them to perform Kruskal-Wallis tests to determine whether or not there are any significant differences in burst or endurance performance between the spider families. If the Kruskal-Wallis tests are significant, we ask students to follow up with Mann-Whitney tests; you could apply Bonferroni corrections to these if you are worried about multiple comparisons. The nonparametric Mann-Whitney test allows students to directly compare two of the three or more families to see if there is a significant difference in burst or endurance performance between them; like ANOVA, the Kruskal-Wallis test only determines if any one of the groups differs significantly from any one of the other groups. We instruct our students to leave any outliers in their analyses unless they have reason to believe they made a measurement error. Both Kruskal-Wallis and Mann-Whitney tests can be performed with freely available online calculators (for example, http://www.vassarstats.net).
We use nonparametric tests because they make fewer assumptions about the distribution of the data, which is rarely normal in this experiment. However, students could perform ANOVAs followed by t-tests corrected for multiple comparisons instead, if desired. In any case, this laboratory provides ample opportunity to discuss the importance of using statistical tests and measurements from multiple individuals with students: there are often outliers in the data, for example, and individual measurements of different spider families may overlap. One of us schedules this experiment after an introductory laboratory on statistics and uses the large amount of individual variation to reinforce the importance of performing statistical tests and examining means rather than individual measurements.
Step 14. To reflect on their experience and solidify their learning, students then write a full laboratory report about their experiment. This report includes a results section where students display their data graphically and discuss their statistical tests and a discussion section where they interpret those results at both proximate and ultimate levels. Alternatively, students can create an oral presentation to present their results to the rest of the class. 
Troubleshooting: Spider Escape
A spider or two will usually escape while students are attempting to introduce them to or remove them from the runway. It is helpful to have a few extra vials and an index card or two so you can place the vial over the escaped spider, carefully slide the card underneath, and flip the vial over to contain the spider. Students can catch the spiders themselves if they are comfortable doing so, but it seems to help alleviate any anxiety if the instructor is both prepared and willing to catch any escapees.
Safety Considerations
Unless you are willing to accept the risks, do not use species that pose a danger to humans in this experiment. Also, remember that nondangerous spiders will still bite if they feel threatened, and bites can be painful. We tell students to manipulate the spiders with paintbrushes and use their vials/containers unless they have experience handling spiders so that the spiders have little to no contact with the students' hands. We also tell students that if a spider is crawling on them, they should brush the spider off with a sweeping motion of their hand rather than slap it. Spiders are much more likely to bite if they are placed in a situation where they may be killed than if they are brushed off. Finally, some tarantulas have urticating hairs that they use as an antipredator device (10); aggressive members of these species should not be used in this laboratory unless students are wearing protective eyewear.
RESULTS
Expected Results
Measurements will vary depending on the spider families used, the individual spiders, and the ability of the students to motivate spiders. Figure 2 shows an example of the burst and endurance performance of eight tarantulas, cellar spiders, and fishing spiders measured during one of our classes. As predicted, there was a clear trade-off between burst and endurance performance: tarantulas had the highest endurance and lowest burst performance, whereas fishing spiders had the highest burst performance and lowest endurance. There was a significant difference between the spider families in burst performance [n ϭ 8 spiders/group, Kruskal-Wallis H-test, H ϭ 15.56, degrees of freedom (df) ϭ 2, P ϭ 0.0004]: fishing spiders were fastest, followed by cellar spiders and tarantulas. We did not correct our burst performance measurements for leg length or body mass because we wanted to show the raw data here. In our courses, we ask students to consider leg length and body mass while writing their reports, but the students ultimately decide whether or not to correct their burst performance measurements for these variables.
There was also a significant difference in endurance performance (n ϭ 8 for tarantulas and fishing spiders and n ϭ 7 for cellar spiders, Kruskal-Wallis H-test, H ϭ 6.66, df ϭ 2, P ϭ 0.0358): tarantulas had the highest endurance, followed by cellar spiders, and fishing spiders had the lowest endurance. This trade-off exists because the number of muscle fibers in a spider leg is constrained, so, evolutionarily, spiders must allocate this limited number of fibers into fast-twitch or slowtwitch types.
Web-dwelling (and captive-bred) cellar spiders had higher endurance than we initially expected. Although cellar spiders rarely leave their webs, their defensive whirling behavior requires endurance and may explain why they can walk long distances when pressed (12, 14) . Wild-caught funnel weavers, another taxon we have used, have very high burst performance and moderate to low endurance, whereas captive-bred wolf spiders have moderate burst performance and moderate endurance. Wild-caught cobweb-weaving spiders have very low burst and endurance performance. If your goal is to highlight differences between animals adapted to different environments, we suggest using cobweb weavers, funnel weavers, wolf spiders, or fishing spiders. If your goal is to demonstrate a trade-off between burst and endurance performance on the runways, we suggest using cellar spiders, tarantulas, and funnel weavers or fishing spiders.
Misconceptions
One of the nine core concepts of physiology is that animal physiology has evolved in a particular environmental context (19) . Many students think of evolution as a directed process, aiming at some "goal" such as lungs, limbs or large brains. Here, students can see that spiders have evolved many successful strategies that solve the same evolutionary challenge: prey capture and predator avoidance. Another core concept is that structure constrains function (19) . In this laboratory, students can observe that (with the exception of funnel weavers) the evolution of a very successful prey capture device such as a web can constrain other aspects of an organisms' behavior and physiology such as endurance performance or the speed of locomotion on the ground. In our experience, students have a difficult time understanding physiological trade-offs. In this laboratory, students can observe that spiders can have high burst performance and low endurance, high endurance and low burst performance, or moderate endurance and burst performance. Students can see for themselves the reduced speed of long-legged cellar spiders and cobweb weavers walking on the ground and how web-dwelling spiders have lower endurance than ground-dwelling spiders. They can then extrapolate that understanding to other, more abstract physiological trade-offs (such as endothermy vs. ectothermy) and structural and evolutionary constraints.
Finally, students can observe that most spiders avoid humans and tend to run away rather than attempt to bite. They also learn about the types of prey that spiders consume and how physiology and anatomy aid spiders in capturing their prey. Students can observe that most web-dwelling spiders avoid leaving their webs and these spiders' reduced ability to locomote when not on their webs. In contrast, students can observe how ground-dwelling spiders move across different substrates and how that ability would influence their prey capture success. One important goal of this laboratory exercise is to help students understand the necessary roles of spiders in ecological systems and to appreciate their importance in reducing populations of mosquitoes, crickets, and other prey species. Through increased knowledge of spiders, we find that even the most arachnophobic students often become champions of these fascinating arthropod predators.
Evaluation of Student Work
Our students completed either oral or written laboratory reports. However, we have developed some sample questions you can ask your students if you have more limited time or resources. Repetition and rehearsal are crucial to student learning; material seen once is easily forgotten (25) . Rehearsal includes additional time to rephrase, elaborate, and summarize new material to facilitate long-term memory storage. Teachers can facilitate this process by asking a variety of questions that require students to think about what they have just learned in laboratory (25) . Below are some example questions: 
Inquiry Applications
This exercise can be adjusted to fit any level of inquiry. Instructors can purchase spiders to use and tell students exactly what to do and how to analyze and present the data, and students can be asked to observe spiders in the wild, research them, examine the literature to see how spider performance has been measured in the past, develop an experiment or experiments to measure burst and/or endurance performance using the runways, and perform and present the experiment(s).
Wider Educational Applications
Regardless of the inquiry level, this exercise exposes students to the scientific method. When students are involved in the learning process and play an active role in analyzing complex problems, they have more realistic views about what they are learning (13, 18) . Constructivist theory posits that people learn through a process of constructing meaning using their prior knowledge combined with new experiences (9) . Student engagement in those experiences plays a vital role in students' knowledge construction (24) . Using the five Es (engage, explore, explain, elaborate, and evaluate) (2), instructors can conduct guided inquiry-based lessons in a step-by-step process, taking advantage of their students' natural curiosity. If students are allowed to help collect spiders, they become familiar with the ecology and natural history of spiders through their own experiences rather than through lectures. The unpredictable nature of using live specimens and the need to observe and record data keeps them focused on the spiders. The teams are responsible for running their individual experiments, so they have independent yet shared explorations within each team and among other teams. Instructors can explain what they observe and discuss why this is so, coaching and guiding the students through the experiment. Most importantly for an inquiry-based exercise involving the scientific method, results might mot match student expectations. For example, students might discover, as we did, that if normally high-endurance captive wolf spiders are not housed and fed appropriately before the experiment, the spiders will appear to have low endurance. Instructors and students can then discuss both alternative hypotheses and experimental design.
Another major physiological and anatomic concept that students can learn from this laboratory is that of scaling: large and small animals experience the world in fundamentally different ways (11) . Large spiders treat bits of gravel in their way very differently than do smaller spiders, and students often remark on this fact in their laboratory reports even though it is not explicitly discussed in their laboratory handout or in class. In general, large spiders will run faster than small spiders. We discuss this in class and ask students to consider how their results might change if we used body lengths per second as a metric instead of meters per second. Although we do not specifically have the students perform those calculations, you might wish to do so.
Possible Extensions and Modifications
This laboratory can be modified to teach many different concepts. Energy transfer, for example, is a key concept in comparative animal physiology (19) . If spiders are run, fed, and then run again at various intervals, students can observe the effects of increased mass/digestion after feeding (21) . Similarly, female spiders could be run before and after laying an egg sac or while carrying an egg sac (or the spiderlings, as is the case for many wolf spiders). Under that scenario, this laboratory could demonstrate the costs of parental care in an animal behavior course.
Thermoregulation is another significant component of comparative animal physiology courses (11) . Burst performance can be measured after spiders are held at various temperatures to demonstrate the link between body temperature and locomotion performance in ectotherms. Performance should increase with temperature until the spiders become too hot and must use behavioral strategies to cool down (6) . We have used this variation with great success in our comparative animal physiology class; we exposed spiders to three different temperatures: 1) in a refrigerator, 2) at room temperature, and 3) in a climate-controlled incubator that was set to 35°C. Captivebred wolf spiders maintained in the cold had much lower burst performance than those maintained at warmer temperatures; there was little difference between room temperature and 35°C spiders, likely due to the low temperature dependence of the enzymes involved in anaerobic metabolism. Before setting the "high" temperature for this experiment, be certain that your spider species can tolerate that temperature.
The laboratory can even be used to teach students about friction. One of our colleagues had students in an ecophysiology course test spiders running with and without a thin layer of oil on a tin foil substrate. Students reportedly had an excellent time watching tarantulas slip and slide across the surface. Students can also test the relative ability of spiders to walk across various natural (or unnatural) substrates such as sand, clay, gravel, pumice, and even the tulle or something else designed to mimic webbing. We would suggest giving students a wide variety of substrates and allowing them to predict and then test the ability of a particular substrate to alter the spiders' locomotion relative to having no substrate or a sandpaper substrate in the runways. Finally, the runways can be tilted at various angles by leaning them against structures in the laboratory. Students can then determine how (or whether!) angle of inclination affects spiders' ability to locomote. We have some experience with the last variation and would suggest lining the runways used in this experiment with sandpaper; the plastic gutters are too slippery for most spiders to climb if they are angled more than ϳ30°from horizontal.
Summary
This laboratory encourages students to closely observe animals that they would normally ignore. The main goal of the exercise is to demonstrate a trade-off between endurance and burst performance and/or to examine the relationship between the structure of spiders and their function. However, the laboratory also cultivates an appreciation of arachnids, invertebrates, and the complexity of the process of adaption. Furthermore, it gives students the opportunity to perform a "real" scientific experiment and encounter both the obstacles and the rewards that accompany that process.
Additional Resources
For additional resources, see the American Society of Arachnology website (http://www.americanarachnology.org/).
